Abstract The degeneration of motor neurons in amyotrophic lateral sclerosis (ALS) inevitably causes paralysis and death within a matter of years. Mounting genetic and functional evidence suggest that abnormalities in RNA processing and metabolism underlie motor neuron loss in sporadic and familial ALS. Abnormal localization and aggregation of essential RNA-binding proteins are fundamental pathological features of sporadic ALS, and mutations in genes encoding RNA processing enzymes cause familial disease. Also, expansion mutations occurring in the noncoding region of C9orf72-the most common cause of inherited ALS-result in nuclear RNA foci, underscoring the link between abnormal RNA metabolism and neurodegeneration in ALS. This review summarizes the current understanding of RNA dysfunction in ALS, and builds upon this knowledge base to identify converging mechanisms of neurodegeneration in ALS. Potential targets for therapy development are highlighted, with particular emphasis on early and conserved pathways that lead to motor neuron loss in ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) was initially described over 100 years ago by Jean-Martin Charcot [1] , and is now recognized as the most common disease affecting both upper and lower motor neurons. Charcot was a self-described empiricist, however, and did not speculate on the cause of the disorder. For decades afterwards, no clear etiology could be identified. In fact, many believed that ALS was not a single disease, but rather a clinical diagnosis that might be caused by any number of separate pathologies, all of which result in the death and degeneration of motor neurons. The realization that up to 20 % of patients with familial ALS (fALS) harbor mutations in the gene encoding superoxide dismutase 1 (SOD1) revolutionized our concept of the disease by demonstrating that ALS is, in fact, a disorder with defined genetic causes [2] . This discovery also led directly to the establishment of cellular and animal models that have proved invaluable for studies of motor neuron vulnerability, disease pathogenesis, and potential therapeutic avenues. Still, clinical trials of therapies devised and tested in SOD1 models have proven disappointing in humans [3] . The poor translation of therapies from animal models to humans with ALS might be owing to improperly powered preclinical studies [4] or basic differences between rodent and human physiology. Alternatively, fALS due to SOD1 mutations may be distinct from the majority of ALS, such that therapies developed for the former are ineffective for the latter.
Mounting genetic evidence suggests that motor neuron degeneration in ALS represents a final common pathway initiated by ≥1 conserved upstream mechanisms, including protein misfolding/aggregation [5] [6] [7] [8] [9] [10] [11] [12] , RNA misprocessing [10, [13] [14] [15] [16] [17] [18] [19] , and disruptions in axonal transport [12, [20] [21] [22] [23] [24] . These mechanisms are not mutually exclusive, and instead may enhance one another, thereby accentuating neurodegeneration in ALS. The identification of neuronal cytoplasmic inclusions rich in the RNA-binding protein transactive response element DNA/RNA binding protein of 43 kDa (TDP43) provided an important link between two of these mechanisms-protein aggregation and RNA dysfunction [6, 7] . TDP43-positive inclusions are a hallmark of sporadic ALS (sALS) and the majority of fALS [6, 7, 25, 26] , and mutations in the genes encoding TDP43 (TARDBP) and related RNA binding proteins [15, 16, 19, 27, 28] cause fALS, emphasizing the critical importance of RNA processing to the pathogenesis of both sALS and fALS. TDP43 is a member of the heterogenous nuclear ribonuclear protein (hnRNP) family of RNA binding proteins that have diverse and integral functions in RNA metabolism and homeostasis [29] . Mutations in the genes encoding several hnRNPs-hnRNP A1, hnRNP A2/B1 [10] , and Matrin 3 [19] -cause fALS or motor neuron disease as part of a multisystem disorder. TDP43 also shares significant structural and functional homology with fused in sarcoma (FUS), an RNA-binding protein that is part of the FET family of RNA/DNA-binding proteins that includes FUS, Ewing sarcoma breakpoint region 1 (EWSR1), and TATA box binding protein-associated factor 15 (TAF15). Supporting the connection between abnormal RNA processing and motor neuron disease, nonsense or missense mutations in FUS, EWSR1, and TAF15 are associated with fALS [30, 31] . Moreover, trinucleotide (CAG) expansion mutations in ATXN2, encoding the RNA-binding protein ataxin-2, cause spinocerebellar ataxia or ALS, depending on the number of CAG repeats [32] [33] [34] [35] , and, in some populations, hexanucleotide (G 4 C 2 ) expansion mutations in the noncoding region of the C9orf72 locus account for up to 40 % of fALS [17, 18] . Individuals carrying C9orf72 expansion mutations also exhibit RNA-rich nuclear foci, indicative of fundamental abnormalities in RNA metabolism.
Together, these findings make a strong argument for aberrant RNA processing as a primary driver of neurodegeneration in ALS. This review describes the specific aspects of RNA misprocessing implicated in ALS pathogenesis, including differences in RNA expression, splicing, and regulation ( Fig. 1) , and how these events might lead to motor neuron loss in the disorder. Last, I speculate on converging mechanisms of neurotoxicity that are stimulated by disruptions in RNA processing, and identify pathways that might be targeted to delay or prevent neurodegeneration in ALS.
RNA Expression
TDP43 binds to and regulates thousands of RNA targets [13, 14, [36] [37] [38] , and is thus in a unique position to dramatically affect gene expression on a global scale. The RNA-binding domains of TDP43 and FUS are essential for toxicity in ALS model systems, testifying to the importance of RNA dysregulation in ALS pathogenesis [34, [39] [40] [41] . Immunoprecipitation studies in murine brain [14] , dissociated primary cortical neurons [37] , and human brain [13] and cell lines [13, 38] showed that TDP43 recognizes nearly one-thrid of all transcribed genes by binding to redundant GU-rich sequences [42] . While nuclear TDP43 binds preferentially to distal intronic sequences, cytoplasmic TDP43 recognizes more 3' untranslated region (UTR) binding sites [13] . TDP43 regulates its own pre-mRNA, as well as several others involved in neurodegenerative diseases, including those encoding FUS and progranulin [14] . Interestingly, progranulin haploinsufficiency-caused by nonsense or missense mutations in GRN-causes frontotemporal lobar degeneration with TDP43-positive inclusions (FTLD-TDP) [43] , a condition that exhibits characteristic pathological and clinical overlap with ALS [6] . However, GRN mutations rarely cause ALS [43] [44] [45] [46] , indicating that mutations in different genes may result in convergent molecular pathologies but distinct clinical phenotypes. TDP43 also binds several transcripts involved in RNA splicing, nucleocytoplasmic protein trafficking, synapse formation and function, neurotransmitter metabolism, and neurite development [13, 14, 37] . TDP43 dysfunction, therefore, can disrupt fundamental and ubiquitous processes, as well as neuron-specific pathways.
In healthy neurons, TDP43 is predominantly a nuclear protein, but in ALS TDP43 is excluded from the nucleus and accumulates in cytoplasmic inclusions [26] . Within the nucleus, TDP43 has essential roles in RNA transcription, splicing, and stability [13, 14, [47] [48] [49] [50] , and transports select mRNA to localized sites of translation within the cytoplasm [20, 51, 52] . In addition to its function in RNA trafficking, cytoplasmic TDP43 also helps regulate RNA translation and homeostasis by sequestering transcripts in RNA granules [53] [54] [55] [56] . Thus, the loss of TDP43 function stemming from inadequate nuclear protein, a gain of function arising from the accumulation of cytoplasmic TDP43, or both, might result in RNA misprocessing and subsequent neurodegeneration. Genetic ablation of TDP43 is lethal, causing death of the embryo only a few days after fertilization [57, 58] . In mouse striatum, targeted knockdown of TDP43 by means of a local inoculation with antisense oligonucleotides (ASOs) increased expression of 362 genes and downregulated 239 others [14] . Likewise, reduction of TDP43 expression by RNA interference in cultured mouse primary neurons significantly affected the expression of 204 genes [59] ; the lower number in this case may be due to the use of an exon array instead of high-throughput RNA sequencing. Notably, many of the differentially expressed genes identified in these studies are required for neuronal function and maintenance, including neurexin 1 and 3, neuroligin, N-methyl-D-aspartate receptor subunit 2A, and voltage-dependent calcium channel 1 [14] .
Analogous results were obtained in flies lacking TBPH, the Drosophila equivalent of TDP43 [60] . Although TBPH-null flies and those overexpressing wild-type (WT) TDP43 exhibited similar locomotor deficits, high-throughput RNA sequencing revealed a distinct set of dysregulated genes in each case. TBPH knockdown primarily increased gene expression (681/910 differentially expressed transcripts), whereas TDP43-overexpressing flies overwhelmingly demonstrated gene downregulation (464/623 transcripts). Only 79 genes out of a total of 1533 were affected in a conserved manner, arguing against a common pathway accounting for toxicity due to TDP43 loss or gain of function. Consistent with this hypothesis, Arnold et al. [47] demonstrated that many TDP43 targets are dysregulated only upon overexpression of TDP43, while others are affected specifically by TDP43 depletion. Similarly, changes in gene expression induced by fALS-associated mutant TDP43 mimic those of TDP43 depletion in some cases, but others are more consistent with overexpression of WT TDP43. The location and density of intronic TDP43 binding sites affect gene expression and splicing [13] , such that gene structure and sequence may predict differential expression upon cytoplasmic accumulation or nuclear depletion of TDP43, or, alternatively, TARDBP mutations. These observations suggest that a limited subset of genes harboring a specific pattern of TDP43 binding sites are preferentially affected in ALS, and may be primarily responsible for motor neuron loss in the disorder. Such disease-specific genetic Bsignatures^of TDP43 binding sites remain unknown, however.
Consistent with the notion that abnormal RNA metabolism underlies neurodegeneration in ALS, disease-causing mutations in related RNA-binding proteins also disrupt RNA processing. Most ALS-associated mutations in FUS involve the nuclear localization signal [15, 16] , resulting in deficient nuclear import and cytoplasmic accumulation of the protein [61] . Reductions in FUS induce widespread changes in gene expression and splicing that demonstrate partial overlap with those observed in TDP43-deficient murine primary neurons and human induced pluripotent stem cell (iPSC)-derived neurons [36, 59] . Although TDP43 and FUS display distinct RNA binding patterns, they both strongly affect the expression of genes with long (>150 Kbp) introns. A minor portion of the genes most prominently downregulated by TDP43 depletion were affected in a similar fashion by FUS knockdown, including neuroligins and neurexins that are essential for neuronal health. Still, genes displaying overlapping patterns of dysregulation represented only a small fraction of the total, with the majority of differentially expressed genes being distinct in each case [36] . In addition, targeted reduction in TDP43 or FUS produced disparate effects in NSC34 mouse motor neuron-like cells [62] . In an animal model of ALS, the overexpression of FUS bearing an ALS-associated mutation (R521C) significantly affected the expression of >700 genes [63] . Many of the upregulated genes in this context involved extracellular matrix or immune processes, while downregulated transcripts included those responsible for neuron projections and ion channel functions. These results must be interpreted with caution, however, as RNA was isolated from end-stage animals displaying significant neurodegeneration. Moreover, many of the measured effects of FUS depletion or overexpression may not be direct, as FUS binds RNA polymerase II and regulates nucleosome assembly [64, 65] , and may therefore indirectly affect global gene expression.
Pathogenic hexanucleotide expansion mutations in C9orf72 are associated with distinct changes in gene expression that only partially overlap with those induced by TDP43 or FUS dysregulation [66] [67] [68] [69] . Human iPSCs carrying disease-associated C9orf72 expansions exhibited prominent downregulation of several essential genes [68] , including those involved in synaptic transmission, cell adhesion, and membrane excitability. Importantly, this effect was strikingly muted in mutant C9orf72 fibroblasts [67] , suggesting that many of the differentially expressed genes are unique to neurons. The C9orf72 protein is ubiquitously expressed but highly enriched in neurons [66, 68, 70] , with a proposed function in endosomal trafficking [71] . However, targeted knockdown C9orf72 failed to recapitulate the same pattern of gene expression noted in fibroblasts from ALS patient cells carrying C9orf72 mutations, implying that a simple loss of C9orf72 function is unlikely to explain the observed pattern of RNA dysregulation in C9orf72 mutant cells [67] . In addition, C9orf72 knockdown was not associated with adverse effects or neuronal loss in mice receiving ASOs [67] . Knockdown of the mutant C9orf72 allele also restored expression for several affected genes in C9orf72-mutant iPSC-derived neurons [66, 68] , indicating that this therapeutic strategy may prove effective and safe in humans with disease.
Many of the same changes in gene expression noted in murine primary neurons, transgenic animal ALS models, and iPSC-derived neurons have been confirmed in human central nervous system tissue. TDP43 exhibits a conserved RNA binding pattern in human neuroblastoma cell lines (SH-SY5Y), human embryonic stem cells, and postmortem human cortex [13] . Likewise, the RNA targets of FUS are 70 % conserved in mouse and human brain [36] . Despite the distinct cellular heterogeneity typical of both motor cortex and iPSC cultures, several differentially expressed genes were commonly dysregulated in human iPSC-derived motor neurons and motor cortex from ALS patients with C9orf72 expansion mutations [68] . Rabin et al. [72] purified RNA from motor neurons that had been laser-dissected from the spinal cord of patients with sALS and demonstrated a significant enrichment of cellular adhesion genes in alternatively spliced transcripts. A similar pattern was observed in a mouse model of the motor neuron disease spinal muscular atrophy (SMA) [73] , suggesting either that these differences might be a secondary phenomenon observed in association with neurodegeneration or that disrupted cell adhesion represents a conserved neurotoxic pathway in ALS and SMA. In support of the latter hypothesis, Sareen et al. [66] also noted an enrichment of differentially expressed cellular adhesion genes in iPSC-derived neurons from patients with C9orf72 expansions.
Deficiencies in adenosine deaminase, RNA-specific, isoform 2 (ADAR2) have previously been implicated in ALS pathogenesis and the selective vulnerability of motor neurons in this condition [74] . Affected motor neurons in sALS display reduced expression of ADAR2, resulting in abnormal editing of RNA encoding the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (GluA2) and intrinsic susceptibility to excitotoxicity [75] . Several key findings link aberrant ADAR2 functioning with the development of motor neuron loss in ALS. First, downregulation of ADAR isoforms has been observed in human iPSC-derived neurons from patients with C9orf72-linked ALS [68] , as well as in TDP43-deficient cell lines [38] . Second, abnormal ADARmediated RNA editing was noted in worms lacking TDP-1, the Caenorhabditis elegans ortholog of TDP43 [76] . Third, ADAR2 recognizes the expanded C9orf72 G 4 C 2 hexanucleotide repeat and is incorporated into RNA-rich nuclear foci characteristic of C9orf72-linked fALS [68] . Fourth, TDP43 binds directly to ADAR1 RNA and protein [37, 77] . The ADAR 1 and 2 isoforms share considerable overlap in substrate specificity [78] , such that either or both may mediate GluA2 RNA editing. These observations strongly suggest that abnormal RNA editing is a fundamental event in the pathogenesis of sALS and C9orf72-linked fALS, and that ADAR dysfunction likely contributes to selective motor neuron vulnerability in both conditions.
RNA Splicing
TDP43 and FUS regulate the splicing of hundreds of genes, and abnormalities in either protein have striking and widespread effects on exon usage (Fig. 1) . ASO-mediated knockdown of TDP43 altered 779 splicing events in rodent striatum [14] , while targeted reduction of FUS through similar means affected 374 splicing events [36] . Depending on where TDP43 and FUS bind in relation to the exon-intron boundaries, exon inclusion may be either enhanced or reduced by deficiencies in TDP43 or FUS [13, 14, 36] , pointing toward complex patterns of splicing regulation, and partially explaining the pleiotropic effects of depletion, accumulation, or mislocalization of each protein.
In fALS due to TARDBP or FUS mutations, both gain-offunction and loss-of-function splicing deficits may underlie neurodegeneration. The majority of splicing changes observed in transgenic mice overexpressing mutant TDP43 were similar to those induced by overexpression of WT TDP43; however, a small proportion showed changes in splicing consistent with loss of TDP43 function [47] . Among the differentially regulated splicing events observed in mutant TDP43 transgenic mice were those involving neurexins 1 and 3, and GluA2-transcripts that are either direct targets of TDP43 or are processed by gene products that are regulated by TDP43 (i.e., ADAR) [14, 36] . In contrast to results from mutant TDP43 transgenic mice, overexpression of mutant FUS in an animal model of ALS resulted in the retention of >1000 introns, significantly more than with WT FUS overexpression (177 introns) [63] . In addition, mutant FUS dramatically altered the splicing and expression of an essential neuroprotective agent, brainderived neurotrophic factor (BDNF). Exogenous replacement of BDNF rescued dendritic and synaptic abnormalities in mutant FUS-overexpressing primary neurons [63] , suggesting that abnormalities in RNA processing can be overcome and neuronal function improved in some instances by manipulating downstream signaling pathways.
MicroRNA
Independent of their effects on gene expression and splicing, changes in the abundance or localization of TDP43 or FUS might stimulate genome-wide dysfunction by interfering with the biogenesis and processing of noncoding regulatory RNAs such as microRNA (miRNA) [79, 80] (Fig. 1) . Consistent with this hypothesis, both TDP43 and FUS were co-purified with the Drosha miRNA processing complex from human cells [81] . Subsequent studies confirmed these interactions [82] , and demonstrated that TDP43, but not FUS, associates with Dicer, an essential cytoplasmic miRNA processing complex [83] . TDP43 binds directly to some miRNAs, and silencing of TDP43 significantly reduced the abundance of several miRNAs (miR-132-5p/3p, miR-143-5p/3p, and miR-574-3p) in human cell lines [84] , suggesting that TDP43 is involved in the production or maturation of distinct miRNA species. Importantly, patients with ALS exhibited abnormal levels of each of these miRNAs [84] , but the direction of change (up-or downregulation) in ALS tissue was inconsistent and varied depending on the source of the tissue (either cerebrospinal fluid or serum). These results have 2 important implications: 1) as with differences in gene expression, the observed changes in miRNA abundance in ALS are consistent with both gain and loss of TDP43 function; and 2) differences in miRNA levels are tissue type-specific, potentially contributing to the selective vulnerability of motor neurons in ALS. Furthermore, miRNA processing is absolutely required for neuronal health, and deficiencies in miRNA biogenesis lead to neurodegeneration [85, 86] , implying that miRNA dysregulation induced by TDP43 or FUS aggregation or mislocalization may contribute to motor neuron loss in ALS.
RNA Granules
Both TDP43 and FUS display glutamine-and asparagine-rich domains that enable the proteins to self-aggregate in a regulated fashion [87] . Similar domains are characteristic of yeast prions that reversibly change their conformation, selfaggregate, and propagate this conformation onto natively folded proteins [88] . Prion-like domains are also found in mammalian proteins whose function requires reversible selfaggregation, including proteins that are involved in the formation of stress granules [89] , RNA-dense cytoplasmic particles that sequester nonessential mRNAs and prevent their translation when cells are under duress [90] . TDP43 and FUS are incorporated into cytoplasmic stress granules upon exposure to oxidative, heat, or endoplasmic reticulum stress, but return to their normal (predominantly nuclear) localization when the stress is removed [41, 53, 55, 56, 91, 92] . The reversible aggregation of TDP43 and FUS, and the resulting sequestration of any bound RNAs, may be essential to their physiological functions [87] ; however, disrupting the precarious balance between aggregate formation and dissolution may also contribute to the irreversible development of inclusions and the pathogenic deposition of RNA binding proteins in ALS [93] (Fig. 1) .
Healthy cells subjected to intermittent stress are capable of a normal and reversible response involving the formation and dissociation of stress granules [94] . Prolonged or repeated insults over time may erode the ability of the cell to dissociate stress granules efficiently, altering the kinetics of the reaction and increasing stress granule stability [94, 95] . ALS-linked mutations in TARDBP and FUS disrupt stress granule dynamics, favoring larger and less soluble granules [53, 56] . In addition, valosin-containing protein (VCP) deficiency or chemical inhibition of VCP blocks stress granule disassembly in human cells [96] . Mutations in VCP cause a multisystem proteinopathy consisting of motor neuron disease, frontotemporal dementia, inclusion body myopathy, and Paget's disease of bone [97] , suggesting that impaired stress granule dynamics is a conserved thread in these disorders [10, 96] . The formation of relatively stable, insoluble foci within the cytoplasm might accelerate self-aggregation of TDP43 and FUS via a prion-like mechanism [98] , eventually leading to characteristic skein-like structures or large cytoplasmic inclusions typical of ALS pathology [6] .
In support of this hypothesis, genes that regulate the formation of stress granules also modulate TDP43-mediated toxicity in yeast, flies, and primary rodent neurons [99, 100] . Deletion of the RNA-binding domains in TDP43 and FUS both prevents their inclusion in stress granules and reduces their toxicity [34, [39] [40] [41] . Moreover, components of stress granules have been detected in TDP43-rich cytoplasmic deposits in spinal neurons of patients with ALS [56, 99, 101] , but are less common in cortical neurons [102] . These results may be explained by the preferential accumulation of fulllength TDP43 in spinal neurons of patients with ALS, in contrast to the deposition of carboxy-terminal fragments of TDP43 in cortical neurons [103] . Such fragments lack the first RNA recognition motif (RRM1), as well as a portion of the prion-like domain, both of which are required for stress granule formation [102] .
In addition to their roles in sequestering RNAs within stress granules, TDP43 and FUS shuttle RNA from the nucleus to the dendrites in an activity-dependent process [20, 51, 52, 104] . Disease-causing mutations in TARDBP reduce the density and mobility of these RNA particles and interfere with their transport into dendrites [20, 51] . These results suggest that dysregulation of TDP43 or FUS through inherited mutations or acquired mislocalization might inhibit mRNA transport and localized translation, both of which are essential for proper neuronal function.
TDP43 and FUS are also an integral components of nuclear Gems, or Gemini of Cajal, the site of assembly for small nucleolar RNA particles (snRNPs) that participate in splicing [105] . Within these structures, FUS and TDP43 directly interact with survival in motor neuron (SMN), a protein required for Gem formation [106, 107] . Insufficiency of SMN, resulting from SMN deletion or alternative splicing, is the primary cause of SMA, an autosomal dominant disease of lower motor neurons characterized clinically by progressive muscle atrophy and paralysis [108] . As with SMN depletion, lack of FUS or TDP43 disrupts Gem formation [107, 109] , and Gems are reduced in neurons and fibroblasts from patients with ALS [107, 110] , indicating that disruptions in snRNP assembly and splicing represent a common mechanism of motor neuron degeneration in ALS and SMA.
Upon stimulation by proinflammatory mediators, TDP43 dissociates from nuclear Gems and catalyzes the formation of interleukin (IL) splicing activating compartments, nuclear structures essential for the regulation and processing of cytokine RNAs. In the absence of TDP43, these compartments failed to form properly, resulting in inadequate production of select cytokines, including IL-6 and IL-10, and immune dysregulation [111] . Conversely, overexpression of TDP43 induced excessive cytokine production and central nervous system inflammation [112] . These data suggest that accumulation of TDP43 in sALS and fALS may trigger characteristic neuroinflammation and subsequent neurodegeneration [113] .
Armakola et al. [114] identified a novel protective strategy by conducting an unbiased screen for genetic modifiers of TDP43-based toxicity in yeast. One of the top hits from this screen was debranching enzyme 1, a protein required for the metabolism of intron lariats formed during RNA splicing. In dbr1 knockout cells, lariats accumulate and bind TDP43, effectively deactivating TDP43 by reducing its association with its RNA substrates. Similar techniques may be effective in Bdefusing^cytoplasmic accumulations of TDP43 and FUS and preventing neurotoxic downstream consequences by competitive inhibition of their RNA binding domains.
Sequestration
Not only do TDP43 and FUS have numerous RNA targets, but they also associate with key protein mediators of RNA processing. Cytoplasmic accumulation and deposition of these proteins can therefore trigger large-scale deficits in RNA metabolism indirectly, by sequestering essential components of RNA transcription, splicing, stability, and transport. For instance, Schwartz et al. [115] demonstrated that nuclear FUS forms complex RNA-rich particles that tightly bind to the carboxy-terminal domain of RNA polymerase II, effectively sequestering the enzyme. In addition, cytoplasmic accumulations of FUS associate with and sequester protein arginine methyltransferase 1, resulting in deficient methylation and acetylation of nucleosome components [65] , thereby affecting global gene expression. TDP43 binds to a diverse set of RNA processing proteins, including several hnRNPs, splicing factors, ribosomal proteins, and nucleosome subunits [77, 82, 116] . Many of the factors associated with TDP43 and FUS are components of cytoplasmic RNA stress granules [poly(A)-binding protein 1, cytotoxic granule-associated RNA binding protein] or miRNA processing complexes (Drosha, Dicer). In addition, TDP43 binds Matrin 3, VCP, EWSR1, TAF15, and FUS, all of which can cause fALS when mutated [9, 15, 16, 19, 30, 31] .
Abnormal nucleotide repeat expansions in coding and noncoding regions of the genome cause several neurodegenerative or neurodevelopmental disorders, including myotonic dystrophy, Huntington's disease, spinocerebellar ataxias, and fragile X syndrome [117] . When these expansions occur in protein coding sequences, the result is a repeating stretch of amino acids (i.e., glutamine) that makes the protein prone to misfolding and aggregation. Repeat expansions occurring in noncoding sequences often cause toxicity through a distinct mechanism involving the sequestration of vital RNA binding proteins. In myotonic dystrophy, noncoding repeats in DMPK (type 1) or CNBP (type 2) are transcribed into RNAs that accumulate in ribonuclear foci and sequester essential RNA processing factors, including muscleblind-like proteins, CUG triplet repeat RNA binding protein 1; hnRNP H; and Staufen 1 [118] . Several of these proteins associate with TDP43 [77] , hinting at conserved mechanisms of cellular dysfunction in myotonic dystrophy and motor neuron disease. Similarly, C9orf72 RNA transcripts harboring G 4 C 2 expansion mutations form unique G-quadruplex secondary structures and DNA-RNA hybrids that sequester RNA-binding proteins [119, 120] (Fig. 1) . Many of the proteins bound by G 4 C 2 repeats are required for normal RNA processing, including nucleolin, ADAR, hnRNP A1, hnRNP H, SC35, and serine/ arginine-rich splicing factor 1 and serine/arginine-rich splicing factor 2 [66, 68, 119, 121, 122] , suggesting that neuronal toxicity in ALS might arise from a functional depletion of these essential factors. If so, then blocking the repeat domain might prevent downstream toxicity. Su et al. [123] conducted a small molecule screen for compounds capable of binding to the C9orf72 G 4 C 2 hexanucleotide repeat and competitively inhibiting the association of this domain with RNA-binding proteins. These compounds effectively prevented the formation of RNA foci in fibroblasts and neurons from patients carrying the C9orf72 expansion mutation, suggesting that they may also potently inhibit the sequestration of RNA-binding proteins by G 4 C 2 repeats. Still, the efficacy of these compounds in preventing neurodegeneration due to pathogenic C9orf72 mutations remains unknown.
Alternative RNA-Based Mechanisms
Rather than one predominant mechanism explaining neurodegeneration, synergistic dysfunction in each of the pathways described above likely contributes to the totality of motor neuron loss in ALS. In addition, alternative mechanisms that do not involve canonical RNA processing pathways but nonetheless trigger RNA dysregulation may also lead to neurodegeneration. Some of these mechanisms are considered below.
The prion-like domains of TDP43 and FUS are essential for their physiologic function in mediating stress granule assembly, and may also be important for the propagation of neurodegeneration in an RNA-dependent manner. Recombinant, aggregated TDP43 [98] , and insoluble TDP43 isolated from the brains of patients with ALS or FTLD-TDP are capable of inducing TDP43 aggregation and cytotoxicity through a self-templated process in cultured cell lines [98, 124] . Propagation of aggregated TDP43 and cell death could be inhibited by treating TDP43 extracts with formic acid, a powerful denaturant, but not by boiling or mild protease treatment, analogous to mammalian prions. Moreover, the newly aggregated TDP43 maintained characteristic biochemical properties reminiscent of prion Bstrains^originally described in mammalian prion diseases [124, 125] . fALS-associated mutations in TARDBP are clustered within the prion-like domain of TDP43 [27] , and enhance the self-aggregation and seeding behavior of TDP43 fragments [126, 127] . Likewise, mutations in the prion-like domain of hnRNP A1 and hnRNP A2/B1 that cause multisystem proteinopathy facilitate self-aggregation of peptides bearing the mutations, and accelerate the aggregation of WT hnRNP isoforms through a seeding mechanism [10] . The RNA-binding ability of TDP43, hnRNP A1, and hnRNP A2/B1 may be key to the propagation of neurodegeneration, as RNA is a potent and necessary cofactor for the conversion of the mammalian prion protein PrP C into its pathogenic isoform, PrP
Sc [128] . Confirming the connection between neurodegeneration and prion-like behavior of RNA-binding proteins, algorithms designed to identify proteins harboring prion-like domains revealed an enrichment of RNA binding proteins [28, 31] , many of which have since been implicated in ALS and FTLD pathogenesis [30, 129] .
The C9orf72 hexanucleotide G 4 C 2 repeat is located within the first intron of the locus, in a noncoding region, and yet is translated into polypeptides through a unique pathway known as repeat-associated non-AUG dependent (RAN) translation [130] [131] [132] [133] (Fig. 1) . The mechanism of RAN translation likely involves inefficient RNA splicing and stalling of the ribosome as it scans the hexanucleotide repeat, leading to inappropriate translation without a start codon [134, 135] . The G 4 C 2 repeat is translated in all reading frames in both the sense and antisense strands, resulting in several different dipeptides that accumulate specifically within the cells of patients carrying pathogenic (>22) repeat lengths. These dipeptides are toxic to cells in vitro and in vivo [69, [136] [137] [138] , causing cell death in some cases by disrupting RNA processing within nucleoli [69] , or by altering the function of essential proteins such as Unc119 [137] , a trafficking factor required for axon development [139] . Moreover, the sequestration of RNA binding proteins by expanded G 4 C 2 RNA may be synergistic with the toxicity induced by RAN translation products [138] : many of the proteins bound by G 4 C 2 RNA catalyze the nuclear export of RNA, potentially facilitating cytoplasmic RAN translation of expanded C9orf72 repeats and accentuating toxicity [121] .
Trinucleotide (CAG) expansions in the coding region of ataxin-2 are associated with spinocerebellar ataxia type 2, a disease marked by abnormal balance, coordination, neuropathy, and muscle weakness. The CAG repeats are translated into long stretches of glutamine, and while normal individuals have <22 glutamines, patients with spinocerebellar ataxia type 2 harbor >33 [32] . Intermediate length ataxin-2 repeats-between 22 and 33 glutamine residues-are associated with an enhanced risk of developing ALS [34, 35] . Ataxin-2 directly interacts with TDP43, and intermediate-length ataxin-2 polyglutamine repeats facilitate this association and promote incorporation of TDP43 into cytoplasmic stress granules. In addition, intermediate-length ataxin-2 polyglutamine repeats accelerate phosphorylation and cleavage of TDP43, and stimulate caspase-3 activation in human motor neurons [140] . Together, these modifications likely enhance motor neuron degeneration and symptoms of ALS in patients carrying intermediate-length ataxin-2 polyglutamine expansions.
Cytoplasmic mislocalization of TDP43 and FUS are characteristic pathologic features in the majority of patients with ALS, and mounting evidence indicates that accumulation of either protein in the cytoplasm is neurotoxic [61, 141] . Deletion of the RNA-binding domain prevents the toxicity of cytoplasmic TDP43 and FUS [39] [40] [41] , and dbr1 deficiency creates a similar effect by flooding cells with intron lariats that compete for TDP43's RNA binding sites [114] . A primary abnormality in nucleocytoplasmic transport would be expected to stimulate mislocalization of TDP43 and FUS, and, as a result, disrupt RNA processing. Consistent with this hypothesis, disease-associated mutations in TARDBP and FUS promote cytoplasmic mislocalization of TDP43 and FUS, and enhance neurotoxicity [61, 141] . TDP43 also regulates the expression of Ran, a master mediator of nucleocytoplasmic transport [37, 142] , and Ran expression was reduced to 60 % of normal levels in FTLD-TDP cortex [143] . Furthermore, dominant-negative Ran mutations induce cytoplasmic TDP43 deposition and neurotoxicity, while overexpression of WT Ran in a neuron model of FTLD-TDP prevented TDP43 mislocalization and improved survival [143] . Ran was also identified in a proteomic screen for RNA-interacting proteins that specifically bind expanded C9orf72 G 4 C 2 hexanucleotide repeats [68] , providing a possible mechanism for TDP43 mislocalization in C9orf72-linked ALS. Thus, Ran could be a central and early instigator of TDP43 mislocalization and subsequent neurodegeneration in ALS, and might be a key target of future therapies.
TDP43 and FUS are both capable of binding to and regulating the expression of their own mRNAs through elegant negative feedback loops, and any disruption of these processes could potentially lead to protein deposition and dysfunctional RNA processing. TDP43 binds to the 3'UTR of its transcript, triggering alternative splicing and RNA degradation through exosome-or nonsense-mediated RNA decay pathways [14, 49] . Binding of FUS to its pre-mRNA enhances exon 7 exclusion, thereby generating a shift in the reading frame and uncovering a premature stop codon in exon 8 of the spliced transcript, which is then degraded by nonsense-mediated RNA decay [36, 144] . Importantly, these processes require nuclear localization of TDP43 and FUS for alternative splicing to occur. Cytoplasmic TDP43 and FUS deposition or irreversible stress granule formation would interfere with negative feedback, triggering a vicious cycle of increased protein expression and enhanced cytoplasmic accumulation. As total and cytoplasmic TDP43 levels are directly proportional to toxicity [141, 145, 146] , this phenomenon would be expected to result eventually in neuronal dysfunction and neurodegeneration. The autoregulatory capacity of TDP43 and FUS also represents a potential caveat for investigations involving their overexpression, as the subsequent downregulation of endogenous protein might cause toxicity [147] , and confound the interpretation of changes in gene expression or splicing induced by overexpression. Still, exogenously expressed TDP43 is functional and can compensate for endogenous TDP43 deficiency [148] , arguing against neurodegeneration due to loss of endogenous TDP43 in overexpression models.
Owing to its unique ability to remove misfolded proteins or dysfunctional organelles, macroautophagy (or autophagy) is emerging as a promising potential therapeutic mechanism for neurodegenerative diseases [149] . Insoluble protein inclusions are a shared pathologic hallmark of neurodegenerative diseases, and genetic and pharmacologic means of stimulating autophagy have proven effective in reducing the burden of misfolded proteins and improving outcomes in cellular and animal models of disease [150] [151] [152] . Recent evidence also suggests that autophagy is involved in the turnover of cytoplasmic stress granules through a pathway termed granulophagy [96] . Autophagic induction, therefore, may be useful for enhancing the dissociation of stress granules, preventing irreversible deposition of TDP43 and FUS within the cytoplasm, and restoring functional TDP43 and FUS autoregulation. Indeed, small molecule inducers of autophagy have shown promise in a rodent primary neuron model of ALS, and in human iPSC-derived motor neurons and astrocytes from patients with ALS [145] . In animal models of FTLD-TDP, stimulation of autophagy also reduces symptoms of disease and the accumulation of TDP43 [152] . Autophagy is absolutely necessary for neuronal health [153] , and mutations in genes encoding autophagy mediators (p62, ubiquilin-2, VCP) cause fALS [5, 8, 9] . Moreover, essential components of the autophagy pathway are regulated at the RNA level by TDP43 [154] . Abnormalities in autophagy, triggered by inherited mutations in autophagy proteins or changes in TDP43 expression or localization, might compromise granulophagy and prevent stress granule dissociation (Fig. 1) . Conversely, stimulation of autophagy may improve granulophagy in affected neurons, in the process restoring TDP43 homeostasis and reversing deficits in RNA metabolism.
Conclusions
Proper regulation of RNA transcription, splicing, transport, degradation, and translation are critical for maintaining the health of metabolically active cells such as neurons. Nuclear clearing and cytoplasmic accumulation of the RNA binding proteins TDP43 and FUS are fundamental features of both sALS and fALS, and these changes cause genome-wide disruptions in nearly all categories of RNA processing. The extensive nature of RNA dysregulation in ALS represents a potential barrier for newly devised therapeutics and may partially explain the poor response of patients with ALS to previously tested therapies. However, these observations also imply that global RNA dysregulation may be a late and converging mechanism in ALS pathogenesis. Treatments that can act early in the sequence of events by preventing or reversing the accumulation or cytoplasmic deposition of TDP43 or FUS, dissolving G 4 C 2 RNA foci, or blocking RAN translation may allow affected neurons in ALS to restore protein and RNA homeostasis and therefore slow neuronal dysfunction and death. With these goals in mind, the identification of genetic or physiological biomarkers that predict progression to ALS will be crucial for instituting effective therapies before RNA processing has been irreversibly subverted and neurodegeneration has begun.
